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Abstract 



PURPOSE:To make it possible to easily obtain positional information of a luminous flux even without 
removing a light quantity detector, by providing a position detector of the luminous flux separately from 
the light quantity detector. 

CONSTITUTIONThe configuration of a luminous flux X2 in a position detector 9 is based on that when a 
luminous flux X1 is adjusted by a first mirror 5, and adjusting screw 12 and a second mirror 6 to be 
incident in the central position of a light quantity detector 4. Therefore, only if the position of the luminous 
flux is adjusted after removing the light quantity detector 4 from a light shield member 1 , the position of 
the luminous flux can be detected, with the position detector 9 mounted. As described above, the 
position of the luminous flux is detected by the position detector 9, and both the noises and the light 
quantity level at that time can be adjusted and confirmed simultaneously by the light quantity detector 4. 
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Seeing the forest for the trees: a new approach to CD control 

Christopher P. Ausschnitt 1 , Mark E. Lagus 2 
IBM Advanced Semiconductor Technology Center 
Hopewell Junction, NY 12533-0999 



Abstract 

Critical dimension (CD) control in advanced semiconductor manufacturing has driven the in-line 
implementation of complex, high-resolution metrology systems to monitor minimum product dimensions. Yet the 
high-resolution approach is inconsistent with in-line CD control objectives: resolution does not translate to 
precision or accuracy, weak response to process parameters inhibits feedback control, sparse sampling precludes 
partitioning contributors to CD variation, and extendability to future product generations is in question. 

We show that superior, affordable and extendable CD control is achieved by optical critical dimension (OCD) 
measurement of pattern arrays ("forests") whose individual features ("trees") need not be resolved by the metrology 
tool. The array dimension, averaged over multiple features, responds to CD change about a target value calibrated 
to the desired device dimension. Response sensitivity greater than that of the minimum dimension can improve 
the signal-to-noise for feedback control as well as the precision-to-tolerance for product dispositioning. Relatively 
low-cost and high-speed metrology enables increased product sampling. We describe our application of OCD 
metrology to 0J25jam CMOS products. 

Keywords: metrology, critical dimension, critical dimension control, optical metrology, lithography, lithography 
control 

The CD control problem 



The principal purpose of in-line CD control is to maintain a predetermined operating point for the lithography 



Gate Dimension (nm) 
500 



and etch patterning process at each level. Added to its 
obvious yield and reliability relevance is its impact on 
transistor performance at the gate level. Transistor 
speed, directly dependent on gate dimension, is a key 
factor in determining microprocessor market value. The 
price of nominally identical microprocessors can differ 
by hundreds of dollars due to gate dimension variation 
within the normal manufacturing distribution. Given the 
industry roadmap for gate tolerance [1], and assuming a 
5100 price difference between a +/- la variation in gate 
dimension, the exponential rise in value of each 
nanometer, as nominal gate dimensions shrink, can be 
estimated as shown in Fig. 1. Under these assumptions, 
the value of CD control for the 180nm generation of 
microprocessors exceeds S10 per nanometer. 

While the value of CD control may be rising 
exponentially, so is its cost. The dominant cost is the Fig.1: Estimated value of gate level CD control 

! C.P. A. : e-mail: ausschni(2tus.ibni.com; Telephone: (914)892-4271; Fax: (914) 892-4604 
*M.E.L : e-mail: lagusnVaSus.ibm.com; Telephone: (914)892-3371; Far. (914)892-4604 
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improved lithography and etch capability to achieve the required patterning resolution and control Not 
insignificant, however, is the cost of in-line CD metrology. Dy namic control based Qn in S^«sors« 

unlikely to reduce the need for m-line.dimensional measurement. On the contrary the increasing nuXrTf 
pattern levels on advanarf Logic and DRAM products, more complex lithography anYetch p Ld^ Z£ 

"meX ^ dCmand C ° ~ - «" — " 

SSSSf SEMs - S"? measurement ^SSS 

™ in ? SC *S thrCe - dUnenS10nal *» tts ™ on the wafer is unknown and, in all likelihood! unSTwaWe 
over the range of conditions encountered in semiconductor manufacturing l£ncthd^ ^SP^n^n 
accuracy by interpreting an average intensity profile over a segment SZ top^n At be^tnfsX 
algorithms are accurate to tens of nanometers - a substantial fraction if ™foii «*■ „ . . 0C f' J ule 6tM 
townee Furthermore, the pursuit of resolution oJS £ p^^^^ 

speed - the characteristics most essential to effective CD control. precision, sensitivity, stability and 

Optical critical dimension (OCD) metrology 

been used to monitor contact dimensions ^ P ' Electncal measurement of arrays has also 

[7]. Thus, processes which produce An An 

arbitrarily small patterns can be controlled ; n 

by measuring arbitrarily large arrays. " ^ * 

Practical implementation of array 
metrology dictates that we rely on optically 
measurable array targets to establish 
optical critical dimension (OCD) 
metrology. 

In conventional optical microscopy, 
the degradation of resolution as 
dimensions approach the wavelength of 
light precludes its application to the 
measurement of individual pattern features 
at advanced ground rules. The blurred 
images of adjacent edges overlap and 
interfere, and the behavior of the image 
through changes in the process no longer 
bears a consistent relationship to that of 
the actual feature. It is this loss of 
measurement "consistency" that has 
established the practical limit of 

conventional optical microscopy in the Fi S- 2: Schnitzl arrays of minimum dimension elements and an 

associated optical intensity trace. 
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range of 0.5 - 1.0p.m. In our application; however, provided the array dimensions we measure are significantly 
greater than l.O^m, optical metrology is an attractive candidate, recommended most by the fact that the 
fundamental capability required already exlstsjoh overlay measurement tools. These tools can be adapted to the 
OCD task, where the CD is an array dimension rather than the minimum dimension. Thus, we can return to the 
practice of performing in-line overlay and OCD metrology on one tool, realizing significant manufacturing 
efficiency and cost savings. 

The basis of OCD metrology is shown schematically in Fig. 2. The OCD target (aJca., schnitzl) consists of 
one or more arrays of parallel lines at a pitch p. The pitch is matched to the minimum pitch in the chip design for 
a specific masking layer. Using conventional optical microscopy, the image of the array(s) is brought into focus 
and captured on a CCD camera. An average intensity trace is collected along a length of the array(s) defined by 
the rectangular measurement gate in the camera's field of view. Edge detection can be conducted by a variety of 
techniques to determine the measured width of the array, A, As noted above, it is most important that the 
measured width vary consistently with the actual width over a range of process conditions about the nominal 
operating point. 

As long as the nominal array width, A<y, is large compared to the optical resolution; namely, 

A 0 >\/(NA(l+s)) (1) 

where X is the wavelength, NA is the numerical aperture, and s is the partial coherence, the array edges 
perpendicular to the pattern pitch will be well resolved. For the particular schnitzl layout shown, A 0 also 
corresponds to the length of the individual pattern elements. A consequence of the minimum pitch being 
perpendicular to the measurement direction, is that we monitor the length of minimum dimension patterns rather 
than their width. Line lengths tend to be significantly more sensitive to process conditions than line widths as the 
resolution limit of a lithography process is approached. An added benefit to having the target pitch perpendicular 
to the measurement direction is that it obviates keeping the pitch below the optical microscope resolution. The 
result of partially or even fully resolving the pattern elements is that the pixels along the edge of the array see a 
modulation in the edge position. On average over a long length of the array, however, this still results in a single 
edge position sensitive primarily to the length of the individual lines. An example of a schnitzl tailored to the 

trench level of a 1Gb DRAM (2.5jam long trenches tfn a 
0.35nm pitch) is shown in Fig 3 at both the low 
magnification of an optical metrology system and the 
high magnification of a top-down SEM. 

As shown in Fig. 2 and 3, we usually employ a pair 
of identical arrays spaced an array distance, Ao, apart 
This allows us to define OCD as a bias: 

OCD = C4-£)/2, (2) 

where B is the measured separation between arrays. 
Associated with OCD is the process invariant optical 
half-pitch (OHP): 



OHP = (4 + B)/2 =A 0 + e (3) 

where e is the measurement error. Defining OCD as a 
bias has the advantage of self-normalizing 
Fig. 3: 0.175fim generation trench level schnitzl: (a) measurements among different product levels and target 
low-magnification optical metrology view, (b) high designs. The associated OHP enables in-situ monitoring 
magnification SEM view. °f ^ e measurement precision when A and B are 

determined by independent measurements. 
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Precision 

Precision and sensitivity are the measurement attributes important to the maintenance of a process operating 
point. Precision is the repeatability with which a fixed dimension can be measured. Sensitivity, discussed in the 
next section, is the response of the measured quantity to process variation of interest (process signal) and its lack, 
of response to variation not of interest (process noise). 

In the presence of gaussian noise, precision is defined as the standard deviation, a, of a repeated measurement. 
For threshold detection, the a of an edge measurement is related to the metrology system response by BobrofF s 
expression [7]: 

a oc R/(SNRyn ) (4) 

where R is the resolution, SNR is the signal-to-noise ratio, and n is the number of pixels spanning the imaged 
edge. Improved resolution only improves precision if the signal-to-noise ratio can be sustained The weakness of 
high-resolution approaches to CD control is that resolution usually comes at the expense of an off-setting decrease 
in SNR. This is apparent in the case of SEM metrology, where noise contributors include both process noise 
(pattern edge roughness, sidewall angle, etc.) and measurement noise (charging, focus, stigmation, etc.) all of 
which increase with resolution. Conversely, the high SNR of optical tools enables them to achieve precision 
comparable or superior to top-down SEMs despite their relatively low resolution. 

The results of an simple experiment conducted to determine OCD precision on one of our 0.2um ground rule 
product levels, under metrology conditions: threshold = 
50%, R = 0.6p.m, SNR = 300, and pixel size = 0.1pm, 
are shown in Table L The experiment consisted of 
performing 50 repetitions of the A and B measurements 
on a schnitzl. Each repetition was measured 
independently by performing a separate focus, image 
acquisition and measurement step; however, each pair of 
measurements were collected in a single scan of the 
image. This measurement strategy enabled us to 
analyze the data in two ways: 1) the standard deviation 
of OCD and OHP were calculated for the data as 
collected, where they were not independent 
measurements, and 2) the OCD and OHP standard 
deviations were calculated after the A and B pairings 
were uniformly randomized to simulate an experiment 
in which they had been independently measured. 



Table I. Short-terra dynamic precision 
3a(nm) 
OCD OHP 
Single Scan 3.3 1.5 
Random 2.5 2.6 



Single scan results show an OCD precision of 3a = 3.3nm and OHP precision roughly half that When we 
randomize the A and B pairings, the OCD precision improves and OHP precison degrades such that they become 
roughly equal. It makes sense that the OCD and OHP precision should be equal in this case, since they are both 
derived from random pairings of the same randomly distributed numbers. The improvement in OCD precision 
with randomization is explained by the fact that, in the single scan case, the OCD precision was the result of a 
single measurement, whereas, in the randomly paired case, the OCD precision is the result of two independent 
measurements. For gaussian distributions a J2 improvement in OCD precision is to be expected. The 
degradation of OHP precision with randomization is explained by the fact that the single scan OHP does not 
contain the contribution of threshold noise between A and 5, since they are derived from the same intensity trace. 

d The OHP results of our short-term dynamic precision test validate that the OHP is a good monitor of 
metrology precision capability provided A and B arc measured independently. We will use this to assess long-term 
dynamic precision on product in a later section. The results also confirm that, as predicted by Equation (4), the 
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achievable OCD precision is adequate for metrology on our most advanced products. Furthermore, the conditions 
of our test suggest that there is opportunity to improve OCD precision. Improved precision can be achieved via 
resolution (shorter X, higher NA), tool/target optimization to maximize SNR across product levels, increasing pixel 
density to increase n at a given image resolution"' and magnification, and more sophisticated edge detection 
techniques. 



Process sensitivity 

To amplify its sensitivity to process variation of interest, the schnitzl design in Figs. 2 and 3 exploits the image 
shortening response to dose and focus, the principal lithographic drivers of CD variation. As the elements of the 
schnitzl array approach the lithographic limit, the rate of change of the OCD increases relative to that of the 
minimum chip dimension. Line and space schnitzls move opposite one another through dose but in the same 
direction (decreasing OCD) with defocus. 

An example of the OCD response relative to that of the chip dimension (trench width), measured on a 
top-down SEM, at the trench level of the 256Mb DRAM process is shown in Fig. 4. The schnitzl array consists of 
2.5um long trenches on a 0.55um pitch matching the minimum pitch of the chip design. When plotted on the 
same scale (an offset was added to the OCD data to match the SEM value at nominal dose and focus) the OCD 
response to deviation from nominal is much more pronounced than the relatively flat response of the trench width 
Shoes of the surfaces through dose at best focus, Fig. 5, and through focus at best dose, Fig 6 give a more 
quantitative picture of the relative sensitivity. The dose slope has increased by nearly a factor of two.' The position 
of best focus and depths-focus is clearly indicated by the OCD focus response, whereas it is impossible to 
determine either from the SEM measurements of the chip feature. 

Compared to its well-behaved response to dose and focus variation, OCD sensitivity to film thickness variation 
is more problematic. On one hand, optical metrology provides a means of monitoring thickness variation via 
changes in substrate reflectivity in the measurement wavelength band. On the other hand, it is possible for the 
reflectivity change to influence the OCD measurement Significant shifts in reflectivity are likely to require 

iSSTE. , 000 , l ° dimCnSi ° n ° f intCresL **«iviiy variations need to be kept within 

acceptable bounds to preclude false OCD readings. Film thickness control on product is not necessarily insistent 
with this requirement. Our experience to date, however, indicates that the OCD response to film thickness change 
on product can be managed. We have successfully qualified and implemented OCD control at the develop 



(a) Chip feature 



(b) Schnitzl 




Fig. 4: Focus-exposure response surface for (a) 0.3ujn trench width (b) 0.55um pitch, 2.5 U m wide schnitzl. 
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Fig. 6: Focus response at best dose. 



Fig. 5: Dose response at best focus. 

measurement steps on several 256Mb DRAM levels, including the trench level characterized in Figs. 4-6. Our 
approach is best exemplified by our most ambitious product implementation to date — the application of OCD to 
0.2jxm gate control. 

0.2|un gate control 

Gate dimension control is the most critical application of CD metrology. A low-magifi cation view of an 
SRAM array, as well as high-magnification post-develop and post-etch views of its gate feature (0.2pm post-etch) 
are shown in Fig. 7. OCD metrology was implemented in parallel with SEM metrology at the start of product 
runs. The SEM sampled 5 sites/wafer, 2 wafers/lot, with an average cycle-time, including queue-time, of 
approximately 60 minutes/loL The OCD measurements were added to the overlay recipes, sampling a schnitzl 




Optical microscope 
Post develop 



Fig. 7: Views of 0.2jim gate SRAM. 
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target on the same 5 chips/wafer 
as the SEM. but 3 wafers/lot. 
Since the OCD measurements 
were incremental to required 
overlay metrology, the added 
cycle-time was less than 
5minutes/loL 



The motivation to migrate 
post-develop CD metrology from 
SEM to OCD came from a 
comparison of the results of the 
two measurement techniques on 
the initial twenty-five product 
lots. The post-etch SEM 
measurements of the gate 
dimensions showed reasonable 
correlation to the effective gate 
length at electrical test; however, 
the post-develop OCD 
measurements showed better 
correlation (R-squared = 0.7) than 
the post-develop SEM 
measurements (R-squared = 0.4) 
to the post-etch SEM data. By 
this measure post-develop OCD. 
metrology was judged to enable 
improved process control. 

The next step toward OCD implementation was to calibrate the OCD data to the 0.26ujn nominal post-develop 
gate dimension corresponding to the desired transister clock frequency. Appropriate offsets were applied tb two 
optical metrology tools to match them to the gate dimension and to each other (their offsets differed by 7nm). To 
set appropriate dispositioning and control limits, the OCD dose response was determined as shown in Fig 8. 
Since negative resist was used at this level, the OCD dimension increases with increasing dose ? with a slope of 
29nm/mJ over much of the dose range. As in the trench case above, the OCD dose sensitivity is approximately 
twice that of the gate dimension. At the start of processing, the nominal dose was approximately 15mJ/cm 2 . As is 
apparent in Fig. 8 7 the OCD drops precipitously in the low dose regime, at an image size where the photoresist 
begins to lift At dimensions significantly larger than nominal (on the high dose side), transistor speed would 
decrease. Thus, it was necessary to control the process via dose to a narrow CD regime between small gate yield 
roll-off and large gate speed roll-off. The allowed mean variation of the gate dimension was +/-15 am. Despite 
the 2x dose sensitivity amplification of OCD, we set our OCD mean limits at +/-15nm. Assuming dose variation 
to be the dominant contributor, we were actually controlling the develop gate dimension to +/-7.5nm. 

Fig. 9 shows the OCD mean variation and corresponding stepper dose for 76 lots starting at the point at which 
calibration was complete. Over the course of the product run shown, the lots divided roughly equally between the 
two calibrated optical metrology tools. Other than routine overlay maintenance, no adjustment to either tool was 
made during the run, which spanned several months. OCD-based stepper dose corrections were performed 
manually for the first set of lots, but starting at lot 23 we initiated automated feedback control of the dose based on 
a three-lot rolling average of the OCD lot means and the predetermined dose response of Fig. 8. At around lot 40, 
an instability of the mean caused significant variation in the dose. The dynamic dose control was able to keep the 
three-lot rolling average of the OCD within the 15nm control limits until the mean OCD equilibrated with a 
downward drift of the dose after lot 60. The dose decrease was accentuated by a 3nm adjustment to the OCD target 
at lot 67 to fine tune the processor speed. It is noteworthy that the onset of mean OCD instability at lot 40 and its 
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Fig. 9: Gate level mean and associated stepper dose trend (3 lot rolling average). 
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Fig. 10: Gate level OCD and OHP within lot standard deviation trend (3 lot rolling average). 

subsequent return to relative stability after lot 60, corresponds to a region of abnormally high OCD within-lot 
standard deviation as shown in Fig. 10. Throughout the run, however, the OHP standard deviation remains flat at 
approximately 3nm. In fact, the all-points 3a of the OHP distribution (> 1000 points) was below lOnm. Since the 
A and B measurements that comprise the OHP were performed independently throughout, this confirms the 
metrology tool stability and overall dynamic precision, including all process variation. 

Since the implementation of OCD control, no send-ahead wafers have been run, insignificant gate-level 
rework and no scrap has been incurred for critical dimension in-line spec violation. More importantly, the Logic 
product on these lots has exceeded all yield and speed sort requirements. 

Summary 

We have developed an optical method of critical dimension metrology (OCD) whose improved precision, 
sensimntv. stability, speed and extendabiiity relative to high-resolution alternatives make it an attractive CD 
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metrology candidate. We are engaged in an ongoing effort to understand ana enhance its performance, principally 
in the area of tooVtarget optimization. Nonetheless, OCD has already proven its technical, and economic worth. 
While our paper has focused on in-line product control, we have also utilized OCD as a .lithography setup, 
characterization and diagnostic tool. Given its demonstrated ability to capture focus-exposure response, we are 
applying OCD to process window optimization and monitoring. Furthermore, we have reinvested some of the time 
savings that OCD affords in increased product sampling to partition systematic components of CD variation, 
providing much needed inisight into on-product process dynamics. 

Our OCD results suggest a change to the industry's exclusively high-resolution approach to CD metrology. 
OCD can bear the brunt of in-line product monitoring requirements, where the viability of relatively slow 
high-resolution tools is most in question, as well as a sizable fraction of the lithography and etch characterization 
role. A variety of metrology techniques remain essential for the characterization, calibration, inspection and 
diagnostic tasks that require within-chip measurement or visual confirmation of minimum dimension patterns. 
With an appropriate mix of OCD and high-resolution tooling, tailored to the diverse demands placed on CD 
metrology, the CD control requirements of the semiconductor industry can be met for the foreseeable future. 
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